Natural killer (NK) cells are the main lymphoid population in the maternal decidua during the first trimester of pregnancy. Decidual NK (dNK) cells display a unique functional profile and play a key role in promoting tissue remodeling, neoangiogenesis, and immune modulation. However, little information exists on their origin and development. Here we discovered CD34 + hematopoietic precursors in human decidua (dCD34 + ). We show that dCD34 + cells differ from cord blood-or peripheral blood-derived CD34 + precursors. The expression of IL-15/IL-2 receptor common β-chain (CD122), IL-7 receptor α-chain (CD127), and mRNA for E4BP4 and ID2 transcription factors suggested that dCD34 + cells are committed to the NK cell lineage. Moreover, they could undergo in vitro differentiation into functional (i.e., IL-8-and IL-22-producing) CD56 
Natural killer (NK) cells are the main lymphoid population in the maternal decidua during the first trimester of pregnancy. Decidual NK (dNK) cells display a unique functional profile and play a key role in promoting tissue remodeling, neoangiogenesis, and immune modulation. However, little information exists on their origin and development. Here we discovered CD34 + hematopoietic precursors in human decidua (dCD34 + ). We show that dCD34 + cells differ from cord blood-or peripheral blood-derived CD34 + precursors. The expression of IL-15/IL-2 receptor common β-chain (CD122), IL-7 receptor α-chain (CD127), and mRNA for E4BP4 and ID2 transcription factors suggested that dCD34 + cells are committed to the NK cell lineage. Moreover, they could undergo in vitro differentiation into functional (i.e., IL-8-and IL-22-producing) CD56 bright CD16 − KIR +/− NK cells in the presence of growth factors or even upon coculture with decidual stromal cells. Their NK cell commitment was further supported by the failure to undergo myeloid differentiation in the presence of GM-CSF. Our findings strongly suggest that decidual NK cells may directly derive from CD34
+ cell precursors present in the decidua upon specific cellular interactions with components of the decidual microenvironment. (1) (2) (3) (4) . NK cell function is primarily regulated by a number of activating and inhibitory receptors, some of which recognize MHC class I molecules (5) (6) (7) (8) . Although the prevalent role of NK cells is to defend the host against infections and possibly tumors, recent studies have indicated that they may also display different functional capabilities. For example, freshly isolated peripheral blood NK cells, exposed in vitro to cytokines such as IL-4 or IL-18, rapidly lose their capability of killing and of releasing IFN-γ and TNF-α. This may have profound consequences not only on the quality and strength of innate immune responses, but also on downstream adaptive immune responses (9) . These data suggest that the in vivo microenvironment may influence NK cell function. In this context, in atopic patients, NK cells were shown to display poor cytolytic activity and low IFN-γ production (10) .
NK cells isolated from human decidua (dNK cells) during the first trimester of pregnancy represent 50% to 70% of the total lymphoid cells present in this tissue and display a unique functional profile (11) (12) (13) (14) (15) . Thus, they release IL-8 (also known as CXCL8), VEGF, stromal-derived factor-1 (also known as CXCL12), and IFN-γ-inducing protein 10 (also known as CXCL10)-cytokines that play a major role in tissue remodeling and/or neoangiogenesis (15) (16) (17) . In addition, dNK cells are involved in the induction of CD4 + regulatory T cells that are thought to play a major role in the inhibition of maternal immune response and in tolerance induction (18) (19) (20) .
A number of studies in vitro as well as in vivo [e.g., in hematopoietic stem cell transplantation (HSCT)] revealed that NK cells originate from CD34 + hematopoietic precursors (21) (22) (23) (24) (25) (26) (27) . CD34
+ cells are present mainly in the bone marrow (BM), but they can be isolated also from peripheral blood (PB) and cord blood (CB). CD34 + cells derived from these sources are routinely used in HSCT because of their capability of reconstituting all hematopoietic cell lineages (28) (29) (30) (31) . In addition, CD34 + cells have been identified and isolated from other tissues, including thymus, lymph nodes (LNs), and tonsils (30, (32) (33) (34) (35) (36) (37) (38) Mononuclear-enriched cell suspensions isolated from human decidua were analyzed for the surface expression of CD34 antigen. Cytofluorimetric analysis revealed that CD34 + cells represent a sizable fraction of the cell samples analyzed. As CD34 antigen is expressed not only by hematopoietic precursors but also by vascular endothelial cells (40), we further investigated whether the cell suspension derived from decidual tissues contained both cell types. To this end, we evaluated the expression of the endothelial cell marker VEGF receptor 2 (VEGF-R2; also called CD309; Fig. 1A ). CD34 + VEGF-R2 + cells were mainly confined to cells characterized by the morphological parameters of high forward scatter (FSC) and side scatter (SSC). Conversely, Author contributions: P.V. and C.V. designed research; P.V., C.V., E.M., R.C., C.C., and E.F. performed research; V.D. contributed new reagents/analytic tools; P.V., C.V., E.M., and C.C. analyzed data; and P.V., C.V., E.M., L.M., and M.C.M. wrote the paper.
The authors declare no conflict of interest. *This Direct Submission article had a prearranged editor. the presence of CD34 + VEGF-R2 − hematopoietic precursors was detected only among mononuclear cells displaying low FSC and SSC parameters. The population of CD34 + cells in the lymphoid-gated cell fraction was relatively high and comparable to that of CB (Fig. 1B) . In view of this finding, we further performed immunohistochemical analysis of samples derived from decidua basalis (DB) and decidua parietalis (DP) to assess the tissue location of CD34 + cells. CD34-specific mAb intensively stained endothelial cells of the vascular structures (Fig. 1C) . However, other CD34 + cells were scattered in both decidual tissues analyzed. Serial sections from the same region revealed the coexpression of CD45 antigen by some of these cells, indicating that they belong to the leukocyte lineage. As NK cells are the predominant lymphoid population in human decidua, we also analyzed their distribution in this tissue. Staining with CD56-specific mAb showed numerous positive cells. All these cells did not express CD34 as revealed by serial sections (Fig. 1D) .
By using flow cytometry, we further analyzed dCD34
− cells in comparison with CB CD34 + or PB CD34 + cells for a panel of informative surface markers (Fig. 2) . In particular, dCD34 + cells express neither CD133 nor CD117 (also known as ckit). In contrast, CB and PB CD34 + cells express both these molecules. CD45RA displays a homogeneous dull expression in dCD34 + cells, whereas it is present in only a fraction of CB CD34 + cells. Remarkably, decidua cells displaying a bright surface expression of CD34 antigen express CD122, CD127, and membranebound IL-15 (mIL-15), which are absent in CD34 bright cells isolated from the other sources analyzed. As these receptors/markers are typical of NK cell precursors in which they mediate the response to IL-15, these data suggest that dCD34 bright (i.e., VEGF-R2 − ) cells are committed to the NK cell lineage (38, 41, 42) .
Expression of E4BP4 and ID2 by dCD34 + Cells. Previous studies in mice indicated that the transcription factors E4BP4 (also known as NFIL3) and ID2 play an essential role in NK cell development from BM-derived CD34 + cells (43) (44) (45) (46) (47) . In addition, the expression of ID2 has been documented in human NK cells differentiating from CB CD34 + cells (48) . Recent data revealed that E4BP4 is also present in human NK cell precursors (49) . We analyzed the mRNA levels of E4BP4 and ID2 in different human lymphoid populations isolated from decidua, CB, and PB. NK cells isolated from all sources display high levels of E4BP4 mRNA compared with T and B lymphocytes (Fig. 3A) . Notably, the E4BP4 mRNA content in dCD34 + cells is comparable to that detectable in mature dNK cells. T cells express ID2, but not E4BP4, mRNA, whereas B cells are virtually negative for ID2 and contain low levels of E4BP4 mRNA. Thus, also in human lymphoid populations, E4BP4 appears to be mostly confined to 
NK cells. dCD34
+ cells express much more E4BP4 (P = 0.004) and ID2 mRNA (P = 0.0025) than CB CD34 + cells do (Fig. 3B ). These data further support the notion that dCD34 + cells are committed toward the NK cell lineage. on a fraction of cells and displayed a bimodal distribution of fluorescence. Most cells were NKp44 + and 2B4 + , whereas only a small subset were NKG2A + or LFA-1 + ; NKp30-and NKG2D-activating receptors displayed a similar pattern of surface expression (Fig. S1) + -derived NK cells by a redirected killing assay (Fig. 4C ). NKp46-specific mAb induced strong target cell lysis, whereas 2B4-specific mAb did not. Moreover, 2B4-specific mAb partially inhibited NKp46-induced cytolysis. Notably, the inhibitory form of 2B4 is correlated with the lack of expression of the cytoplasmic signaling lymphocyte activation moleculeassociated protein. This condition is typical of the early stages of NK cell differentiation (from BM and CB precursors) but also of mature dNK cells as previously described (13, 23, 24 + cells, most of which expressed NKp46, NKp44, 2B4, NKG2A, and LFA-1 (Fig. 5A) . In contrast, CB CD34 + cells, cultured under the same conditions with dSCs, remained viable but did not acquire NK cell markers, whereas they partially maintained CD34 and expressed CD33 antigen. These results indicate that the interaction of dCD34 + cells with dSCs is sufficient to induce dCD34 + differentiation into NK cells. We obtained similar results in 10 independent experiments, and the data were statistically significant (Fig. 5B) . As a unique functional property of freshly isolated dNK cells is the production of high amounts of IL-8 (15), we investigated whether dCD34 + -derived NK cells produced IL-8 (Fig. 6 ). dCD34 + -derived NK cells cultured in the presence of cytokine or cocultured with dSC released high levels of IL-8 in their culture supernatants. In addition, these developing NK cells released IL-22 (Fig. 6) , a cytokine associated with an immature stage of NK cell differentiation, and express RAR-related orphan receptor C (RORC) transcription factor (Fig. S2) (49, 50) . Notably, in cultures supplemented with cytokine mix, the amounts of IL-22 released in the supernatants was lower, possibly reflecting a more advanced stage of NK cell differentiation, as described earlier (Fig. 4) .
We further analyzed whether dCD34 + cells would retain the capability of differentiating toward myeloid cells in the presence of GM-CSF. As shown in Fig. S3, dCD34 + cells failed to differentiate into CD33 + CD14
+ cells, whereas CB CD34 + cells acquired both myeloid markers.
dSC-Induced Differentiation of dCD34
+ Cells into NK Cells Involves mIL-15. Given the dSC capability of inducing NK cell differentiation from dCD34 + cells, we investigated possible molecular interactions involved in this process. As illustrated earlier, dCD34 + cells express CD122 able to bind mIL-15. Thus, we analyzed whether dSCs expressed mIL-15 and IL-15Rα chain (41, 42) . Indeed, staining with mIL-15, as well as with IL-15Rα-specific mAbs, revealed that a fraction of dSCs expressed these molecules, suggesting the possibility of an effective functional interaction between dSCs and dCD34 + CD122
+ cells (Fig. 7A) . To explore this possibility, dCD34 + cells were cocultured for 8 d with dSCs in the presence or absence of a neutralizing IL-15-specific mAb. We could not detect CD161 +
CD56
+ NK cells in the presence of IL-15-specific mAb (Fig. 7B) .
Discussion
In this study we show that CD34
+ cells are present in human decidua, where they represent a sizable fraction of mononuclear cells. Their surface phenotype, together with the expression of E4BP4 and ID2 transcription factors, suggested their commitment toward the NK cell lineage. Indeed, they could undergo in vitro differentiation toward mature NK cells not only in the presence of suitable cytokines but also upon coculture with decidua-derived stromal cells.
During the first trimester of pregnancy, NK cells represent the majority of the total mononuclear cells in human decidua and display unique phenotypic and functional properties (11) (12) (13) (14) (15) (16) (17) . A possible explanation is that dNK cells derive from PB NK cells and acquire their unique features as the result of the particular decidual microenvironment (including cytokines, hormones, and cell-to-cell contacts). Another explanation is that they may derive from precursors present in the decidua (notably, these explanations do not exclude each other). Our present finding would favor the second hypothesis: thus, CD34 + precursors would populate the human decidua, where they could represent the main source of dNK cells. In agreement with this concept, 
dCD34
+ cells freshly isolated from decidual tissues appear to be committed toward the NK cell lineage, as they express the IL-15/ IL-2R common β chain (CD122), the IL-7Rα chain (CD127), and mIL-15, whereas they lack CD133, a typical marker of stem cells (38, 41, 42) . The expression of high mRNA levels for E4BP4 and ID2 is in line with their NK cell commitment. In mice, these transcription factors are associated with the NK cell lineage (43) (44) (45) (46) (47) . Analysis of human mononuclear cells derived from decidua, CB, and PB shows that E4BP4 is selectively expressed by mature NK cells. These data confirm a recent report (49) and provide further evidence that E4BP4 is NK-specific. While our present study was under review, an interesting report provided evidence in mice that the transcription factor TOX plays a role in murine NK cell differentiation (50) . Experiments of in vitro NK cell differentiation confirmed that dCD34 + cells represent precursors of dNK cells. Thus, dCD34 + cells could differentiate into NK cells after a relatively short culture interval, compared with CB CD34 + cells. In addition, similar to dNK cells, they acquire KIRs, express a number of functional receptors, and produce large amounts of IL-8 and IL-22 (11) (12) (13) (14) (15) 51) . That dCD34 + cells are indeed committed toward NK cells is confirmed by the finding that they failed to differentiate into cells of myeloid lineage in the presence of GM-CSF.
A relevant question was whether cells of the decidual microenvironment could also sustain NK cell differentiation from dCD34 + cells in the absence of exogenous cytokines. dSCs represented a possible candidate because they are a major component of the decidual tissue and express mIL-15 and IL-15Rα, which may signal dCD34 + cells via CD122 (41, 42) . Indeed, coculture of dSC with dCD34 + cells resulted in NK cell differentiation in the absence of exogenous cytokines. This property appeared to be unique to dCD34 + cells, as CB CD34 + cells did not differentiate into NK cells when cocultured with dSC alone. Therefore, the specific interaction between (NK-committed) dCD34 + cells and dSCs appears to be sufficient to promote NK cell differentiation. Experiments using IL-15-neutralizing mAb suggest that this cytokine may play a role in the dSC-induced differentiation of dCD34 + cells into mature NK cells. Our data support the notion that at least a fraction of dNK cells might directly derive from CD34 + cells present in the decidua. They also suggest that both expression of E4BP4 and NK commitment may be acquired in the decidua as a result of their interaction with dSCs. It is conceivable that the IL-15/IL-15R interaction occurring between dSC and dCD34 + cells may induce the expression of E4BP4 mRNA in dCD34 + cells. In this context, studies in mice showed that E4BP4 may act downstream of IL15-R during NK cell differentiation (46) .
Recently, it has been proposed that dNK cells may derive from immature endometrial NK cells upon sequential steps of differentiation and exposure to IL-15 at the beginning of pregnancy (39) . In this context, it has been reported that the endometrial tissue may contain CD34 + CD45 + HPCs (52) . NK-committed CD34 + cells were also identified in human LNs, tonsils, and intestinal lamina propria, although these precursors displayed a different pattern of marker expression (36) (37) (38) 53) . For example, in LN they expressed the β7 integrin (36) that was absent in dCD34 + cells. The presence of NK-committed CD34 + cells is in agreement with our present findings and also suggests that NK cells of certain peripheral districts may derive, at least in part, from CD34 + precursors undergoing in situ differentiation. In conclusion, dNK cells represent the major lymphoid population present in the decidua during the first trimester of pregnancy and play a functional role in inducing tissue remodeling and neoangiogenesis (15) (16) (17) . In addition, they contribute to the induction of regulatory T cells that modulate the maternal physiologic immune response, thus preventing fetal rejection (18) (19) (20) . Our present evidence that CD34 + cells exist in the decidua, where they undergo differentiation toward NK cells, offers important clues for a better understanding of major physiological mechanisms occurring in the early phases of pregnancy. It is possible to speculate that defective CD34 + cell migration to decidua and/or differentiation into mature NK cells with peculiar functional capabilities may have relevant consequences on successful pregnancy.
Materials and Methods
Isolation and Culture of CD34+ Cells and dSCs. We obtained decidua samples at 9 to 12 wk of gestation from singleton pregnancies of mothers requesting termination of the pregnancy for social reasons. We isolated decidual cell suspensions as previously described (20) . CB samples were provided by Liguria Cord Blood Bank. We isolated CB and PB mononuclear cells as previously described (3, 24) . The relevant institutional review boards approved the study and all patients gave their written informed consent according to the Declaration of Helsinki. Detailed methods are included in SI Materials and Methods. mAbs and FACS Staining. Cells were preincubated with human IgG (Baxter). We performed two-, three-, and four-color cytofluorimetric analysis on a FACSCalibur device (BD Biosciences). Analyses were performed on PInegative or 7AAD-negative gated cells. We analyzed data by FlowJo software. FACS sorting was performed on FACSAria (BD Biosciences). Post-sort analysis showed more than 98% purity. The complete list of mAbs used in our experiments is included in SI Materials and Methods.
Immunohistochemical Analysis. Detailed methods are included in SI Materials and Methods. 
